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The  potential  of  ink-jet  printing  for  fabrication  of  components 
for  solid  oxide  fuel  cells  has  been  explored.  An  anode  interlayer, 
consisting  of  a  composite  of  NiO  and  yttria-stabilized  zirconia 
(YSZ),  and  an  electrolyte  layer,  YSZ  (8  mol%),  were  ink-jet 
printed  on  a  tape  cast  anode  support,  55  wt%  NiO-45  wt% 
YSZ  (8  mol%).  Scanning  electron  microscopy  of  the  printed 
layers  sintered  at  1400°C  revealed  a  dense  electrolyte  layer 
measuring  10-12  pm  in  thickness.  Single  cells  using  these 
printed  layers  and  strontium-doped  lanthanum  manganate 
(LSM,  Lao.8Sro.2Mn03)-based  pasted  cathodes  were  assessed 
by  DC  polarization  and  AC  complex  impedance  methods.  The 
cells  exhibited  a  stable  open  circuit  voltage  of  1.1  V  around 
800°C,  in  a  hydrogen  atmosphere.  A  maximum  power  density  of 
500  m  •  (W  •  cm)“^  was  achieved  at  850°C  for  a  typical  cell  with 
the  electrolyte  and  anode  interlayer  cosintered  at  1400°C.  A 
composite  cathode  interlayer,  LSM-YSZ,  and  a  cathode 
current  collection  layer,  LSM,  were  also  ink-jet  printed  and 
incorporated  in  single  cells.  However,  cells  with  all  components 
ink-jet  printed  showed  decreased  performance.  This  pointed  to 
critical  issues  in  the  composite  cathode  microstructure,  which  is 
controlled  by  the  composite  ink  design/formulation  and  printing 
parameters  that  need  to  be  addressed. 


I.  Introduction 

SOLID  oxide  fuel  cells  (SOFCs)  have  attracted  considerable 
interest  owing  to  their  potential  for  clean  and  efficient  power 
generation,  fuel  flexibility,  and  other  benefits  such  as  ability  to 
use  high- temperature  exhaust  for  cogeneration.^’^  A  typical 
yttria-stabilized  zirconia  (YSZ)  electrolyte-based  SOFC  oper¬ 
ates  at  800°-1000°C  and  consists  of  both  bulk  and  thick-film 
components.  One  of  the  factors  that  limit  the  commercialization 
of  SOFC’s  is  the  need  for  high-operating  temperatures  due  to 
the  materials  involved  and  fabrication  processes  that  are  not 
cost  effective.  To  address  these  concerns,  researchers  are  actively 
exploring  thinner  electrolytes  to  compensate  for  ohmic  loss  at 
intermediate  operating  temperatures  and  highly  electro-catalyt- 
ically  active  electrode  materials  to  balance  slower  electrode 
kinetics. Multilayered  cell  configurations  are  becoming  in¬ 
creasingly  popular  as  these  designs  enable  a  combination  of 
properties  that  are  both  mechanically  and  electrochemically 
superior. Typically  these  thin  intermediate  electrode  layers 
have  specific  functionality  of  either  extending  the  electrochemi- 
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cally  active  triple  phase  boundary  into  the  bulk  of  the  electrode^’^ 
or  serving  as  barrier  layers  to  avoid  deleterious  reactions  between 
components.^  They  also  function  as  layers  that  bridge  the  differ¬ 
ence  between  the  thermal  coefficient  of  expansion  between 
components. More  recently,  cells  with  complex  geometries,  in¬ 
cluding  segmented  in-series  SOFCs,  have  been  shown  to  have 
high-power  densities  comparable  to  planar  cells.  These  cells  re¬ 
quire  precise  positioning  of  overlapping  multiple  layers. 

To  achieve  these  thin  films  with  carefully  controlled  thicknesses 
in  order  to  achieve  optimal  cell  performance  in  multilayered  cells, 
a  number  of  fabrication  methods  based  on  chemical  routes 
(chemical  vapor  deposition,  electrochemical  vapor  deposition, 
sol-gel  based,  and  spray  pyrolisis),  physical  routes  (rf  magnetron 
sputtering,  thermal  spray,  and  pulsed  laser  deposition),  and  con¬ 
ventional  ceramic  methods  (screen-printing,  tape  casting,  slurry 
coating,  slip  casting,  tape  calendaring,  and  electrophoretic  depo¬ 
sition)  are  being  used.^^  Methods  based  on  physical  vapor 
deposition  involve  high  equipment  costs  and  are  difficult  to  scale 
up.  The  more  commonly  used  methods  for  thick-film  deposition 
through  colloidal  preparations  of  tape  casting,  slurry,  and  dip 
coating  are  relatively  easy  to  set  up  and  scale  but  film  uniformity 
and  accurate  control  of  thickness  from  batch  to  batch  remain  a 
challenge. 

Ink-jet  printing,  which  has  been  traditionally  used  in  the 
commercially  mature  realm  of  reprography,  is  now  being  ex¬ 
plored  as  a  viable  method  for  deposition  of  thin  layers  in  diverse 
areas  including  electronics  processing,  ceramics,  and  biological 
culture  research.  This  method  has  the  potential  to  be  ex¬ 
tended  to  SOFC  fabrication.  Some  attractive  features  of  ink-jet 
printing  are  simplicity,  accurate  control  of  features  by  com¬ 
puter-aided  design  and  automation,  and  ease  of  mass  manufac¬ 
ture.  Being  an  additive  method,  ink-jet  printing  allows  maskless 
deposition  of  materials  in  desired  patterns  without  the  need  for 
complex  processing.  With  accurate  x-y  spatial  control,  a  high 
level  of  reproducibility  can  be  expected,  a  feature  lacking  in 
competing  approaches  for  SOFC  fabrication  such  as  tape  cast¬ 
ing,  spray,  and  dip  coating.  It  is  only  very  recently  that  ink-jet 
printing  has  received  the  attention  of  researchers  for  application 
in  SOFC’s.^^’^^  In  our  previous  study,^^  we  demonstrated  the 
fabrication  of  single  SOFCs,  where  the  anode  interlayer  and 
electrolyte  layers  were  ink-jet  printed.  While  the  printed  layers 
(YSZ  and  NiO-YSZ)  were  seen  to  be  dense  and  porous,  respec¬ 
tively,  the  performance  and  stability  of  cells  fabricated  left  much 
to  be  desired.  While  a  good  cell  voltage  was  observed,  the  per¬ 
formance  of  the  cell  was  not  satisfactory  and  was  not  stable  at 
temperatures  >700°-750°C.  Problems  relating  to  integration  of 
printed  layers  with  the  anode  support  due  to  poor  overall  mi¬ 
crostructure  of  the  cell  were  observed.  Differences  in  particle  size 
in  the  anode  functional  layer  ink,  type  of  anode  support,  and 
processing  parameters  appeared  to  impact  the  cell  integrity  and 
behavior.  Furthermore,  a  clear  determination  of  the  cause  of 
poor  performance  was  not  possible  because  of  the  preliminary 
nature  of  the  work.  In  this  work,  we  have  circumvented 
such  issues  and  have  attempted  to  ink-jet  print  a  complete  cell 
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incorporating  an  anode  functional  layer,  electrolyte,  cathode 
functional  layer,  and  cathode  current  collection  layer.  It  is  en¬ 
visioned  that  through  this  work  we  will  not  only  demonstrate 
the  applicability  of  ink-jet  approach  to  SOFC  production  but 
also  establish  the  feasibility  of  this  approach  for  other  ceramic 
thin-film  devices  such  as  dielectric  capacitors. 

II.  Experimental  Procedure 

(1)  Ink  Preparation  and  Rheology 

In  order  to  prepare  suitable  electrolyte  and  anode-interlayer 
inks,  commercial  sources  of  ceramic  materials  were  selected. 
YSZ  (8  mol  %,  TZ-8YS,  Tosoh  Co.,  Tokyo,  Japan)  was  used 
for  both  the  electrolyte  and  the  anode  functional  layers.  NiO 
powder,  (0.2-0.4  pm,  NexTech,  Columbus,  OH)  and  TZ-8YS 
mixture  in  a  50-50  wt%  was  used  for  the  anode  interlayer  inks. 
For  the  cathode  interlayer  ink,  strontium-doped  lanthanum 
manganate  (LSM,  Lao.8Sro.2Mn03,  7.827  m^/g,  NexTech)  and 
TZ-8YS  was  used.  LSM  powder  was  used  in  the  ink  for  the 
cathode  current  collector  layer.  a-Terpineol  was  used  as  the  sol¬ 
vent  for  the  ink  slurries.  Polyvinyl  butyral  (PVB),  butyl  benzyl 
phthalate  (BBP),  and  polyalkalyne  glycol  (PAG)  were  utilized 
as  binder  and  plasticizer  constituents.  All  inks  were  prepared 
by  simultaneous  addition  of  powders,  binder,  and  plasticizers 
to  a-terpineol  followed  by  >12  h  of  ball  milling  with  5-mm- 
diameter  YSZ  beads  in  a  glass  container.  The  composition 
of  solids  used  in  the  ink  for  the  electrolyte,  anode/cathode  func¬ 
tional  layer,  and  cathode  current  collector  is  shown  in  Table  I. 
Viscosity  measurements  for  the  various  ink  formulations 
were  obtained  using  a  Rheolab  QC  (Anton-Paar,  Ashland,  VA) 
rheometer. 

(2)  Printing  I  Cell  Fabrication  y  Electrochemical 
Measurements,  and  Micro  structure 

Printing  of  layers  was  carried  out  using  the  DIMATIX  DMP 
2831  ink-jet  printer  (FujiFilm,  Santa  Clara,  CA).  The  firing  seg¬ 
ment  of  the  driving  waveform  was  characterized  by  a  jetting 
amplitude  of  32  V,  and  a  2.944  ps  pulse  width  with  a  slew  rate  of 
0.93  V/ps  at  a  frequency  of  3  kHz.  This  jetting  profile  was  used 
for  printing  all  layers,  including  the  anode  interlayer,  electrolyte, 
cathode  interlayer,  and  cathode  current  collection  layer.  Each 
layer  was  typically  produced  through  multiple  passes  in  succes¬ 
sion,  with  the  ink-jet  head  operating  at  a  temperature  above 
ambient.  The  choice  of  the  ink-jet  head/cartridge  temperature 
was  dictated  by  the  different  drying  rates  of  printed  layers  with 
composite  versus  single  component  precursors.  Details  are  pre¬ 
sented  in  the  following  sections. 

(A)  Anode  Interlayer  and  Electrolyte:  The  anode  support 
used  as  a  substrate  consisted  of  a  commercially  supplied  sample 
made  from  a  isostatically  laminated  green  tape  (55  wt%  NiO/45 
wt%  YSZ,  ESL  Electroscience,  King  of  Prussia,  PA).  These  an¬ 
ode  supports  were  prepared  with  two  different  types  of  carbon 
pore  formers;  plate-like  (type- A),  and  granule  (type-B).  After 
initial  testing,  type-B  supports  were  used  for  subsequent  studies. 
The  support  was  initially  bisque  fired  at  950°C  in  order  to  drive 
off  solvent,  as  well  as  impart  mechanical  integrity.  A  total  of  10 
passes  of  the  anode  interlayer  were  printed  over  this  support  us¬ 
ing  the  anode  interlayer  ink,  followed  by  a  second  bisque  firing  at 
950°C.  The  internal  cartridge  temperature  was  set  to  58°C  and 
the  platen  temperature  was  kept  at  80°C  at  the  end  of  printing  to 
enable  drying  of  the  printed  layers.  A  total  of  12  passes  of  elec¬ 
trolyte  were  printed  over  the  anode  interlayer  using  the  electro¬ 
lyte  ink  in  a  similar  manner.  For  this  layer,  the  internal  cartridge 
temperature  was  set  to  48°C.  The  anode/anode  interlayer/elec¬ 
trolyte  structure  was  then  cofired  at  1400°C  for  2  h. 

(B)  Cathode  Interlayer  and  Cathode  Current  Collection 
Layer:  Two  sets  of  cells  were  fabricated  depending  on  the  type 
of  cathode  layers.  Cells  composed  of  printed  anode  interlayer 
and  electrolyte  layers  but  with  pasted  cathode  layers  are  desig¬ 
nated  “PS”  while  those  prepared  entirely  through  printing  are 
designated  “PR.”  For  PS  cells,  the  cathode  interlayer  and 


cathode  current  collector  layers  were  hand  pasted  from  a  thick 
ink  paste.  For  the  cathode  interlayer  paste,  22.5  wt%  of  LSM 
and  22.5  wt%  of  YSZ  powders  were  mixed  together  and  ball 
milled.  This  mixture  was  added  to  a  sonicated  mixture  of  sol¬ 
vents  containing  13.5  wt%  of  xylene,  13.5  wt%  of  ethanol,  16.2 
wt%  of  terpineol,  and  1.1  wt%  of  fish  oil,  and  ball  milled  over¬ 
night.  5.6  wt%  of  PVB,  0.5  wt%  of  BBP,  and  4.5  wt%  of  PAG 
were  added  to  the  slurry  and  again  ball  milled  overnight.  The 
resulting  paste  was  then  hand  painted  over  the  printed  electro¬ 
lyte.  The  coupon  was  then  sintered  at  1200°C  for  1  h.  Finally,  a 
cathode  current  collection  layer  was  hand  painted  using  a  pure 
LSM  paste  (LSM  paste,  NexTech)  and  sintered  at  1200°C. 
“PR”  cells  were  fabricated  to  explore  the  possibility  of  printing 
the  cathode  interlayer  and  cathode  current  collection  layers 
in  addition  to  the  anode  interlayer  and  electrolyte.  For  these 
cells,  the  cathode  layers  (interlayer  and  current  collectors)  were 
ink-jet  printed.  Printed  cathode  interlayer  films  were  prepared 
with  20  successive  passes  of  the  cathode  interlayer  ink  on  a  cir¬ 
cular  area  over  the  electrolyte.  Internal  cartridge  temperature 
for  printing  was  58°C.  The  platen  temperature  was  maintained 
at  100°C  for  drying  of  the  deposited  layer.  Cathode  current  col¬ 
lector  layers  were  prepared  by  30  successive  passes  of  the 
pure  LSM  ink  over  the  cathode  interlayer.  Internal  cartridge 
temperature  for  printing  was  48°C.  For  the  deposition  of 
the  cathode  layers  (cathode  interlayer  as  well  as  the  cathode 
current  collection  layer),  the  platen  (substrate)  temperature  for 
drying  was  observed  to  be  critical.  If  the  temperature  was  too 
low  (40°-70°C),  the  ink  was  seen  to  flow  and  spread  beyond  the 
preset  circular  print  area.  If  it  was  too  high,  distinct  “coffee 
ring”  (drop  with  different  thickness  at  the  edge  compared  with 
the  center)  patterns  were  visible  on  inspection  of  the  printed 
layer  under  an  optical  microscope.  The  optimum  temperature 
(100°C  in  the  present  case)  keeps  the  drying  front  approximately 
1/8  in.  behind  the  print  head  and  allows  drying  such  that  the 
deposition  does  not  spread  beyond  the  preset  print  area  with 
diameter  of  13  mm. 

All  sintering  steps  were  identical  to  the  pasted  cathode  cells. 
The  area  defined  by  13  mm  diameter  of  the  cathode  interlayer/ 
cathode  current  collection  layer  was  considered  as  the  active 
area  for  the  cell  and  used  as  the  basis  for  calculation  of  current 
density. 

(C)  Cell  Assembly,  Electrochemical  Testing,  and  Post- 
Testing  Microstructure  Study:  Silver  leads  were  attached  on 
the  cathode  and  anode  sides  using  gold  paste.  The  cells  were 
then  glued  onto  one  end  of  a  ceramic  tube  using  a  ceramic  paste 
(Ultratemp  516,  Aremco,  Valley  Cottage,  NY)  and  housed  in  a 
tube  furnace.  During  characterization  of  each  cell,  the  furnace 
was  slowly  heated  to  desired  temperatures  (up  to  850°C)  for 
electrochemical  characterization.  The  anode  side  was  reduced  in 
forming  gas  (5%  hydrogen  in  argon),  while  the  cathode  side  was 
exposed  to  forced  air.  After  reducing  for  several  hours,  the  an¬ 
ode  side  was  exposed  to  dry  hydrogen  at  a  flow  rate  of  65  seem. 

The  cell  performance  and  electrochemical  impedance  spectra 
were  measured  using  a  multichannel  electrochemical  test  station 
comprised  of  a  Solartron  1470E  potentiostat/galvanostat  com¬ 
bined  with  a  Solartron  1450  frequency  response  analyzer  (Solar¬ 
tron  Analytical,  U.K.).  Impedance  spectroscopy  measurements 
were  obtained  in  potentio static  mode,  under  open  circuit  con¬ 
ditions,  over  a  frequency  range  of  1  MHz-50  mHz.  For  the  im¬ 
pedance  measurements,  the  excitation  amplitude  remained  fixed 
at  10  mV.  After  electrochemical  testing,  the  cells  were  cooled  to 
room  temperature  with  the  anode  side  exposed  to  a  reducing 
atmosphere  of  forming  gas.  After  cooling,  the  morphology  and 
micro  structure  were  characterized  using  a  JEOL  JSM7401-F 
field-emission  scanning  electron  microscope  (Jeol,  Germany). 


in.  Results  and  Discussion 
(1)  Ink  Rheology  and  Shelf  Life 

In  order  to  sustain  stable  ink  formulations,  solids  loading  was 
kept  low  (see  Table  I)  resulting  in  low- viscosity  formulations.  In 
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Table  I.  Ink  Compositions 


Constituent 

Anode 

interlayer 

(wt%) 

Electrolyte 

(wt%) 

Cathode 

interlayer 

(wt%) 

Cathode 

current  collector 
layer  (wt%) 

a-Terpineol 

94.1 

89 

96.8 

89 

YSZ 

2.8 

10.7 

1.45 

0 

NiO 

2.8 

0 

0 

0 

LSM 

0 

0 

1.45 

10.7 

PAG 

0.1 

0.1 

0.1 

0.1 

BBP 

0.1 

0.1 

0.1 

0.1 

PVB 

0.1 

0.1 

0.1 

0.1 

YSZ,  yttria-stabilized  zirconia;  LSM,  strontium-doped  lanthanum  manganate; 
PAG,  polyalkalyne  glycol;  BBP,  butyl  benzyl  phthalate;  PVB,  polyvinyl  butyral. 


the  case  of  the  single  component  inks  (YSZ,  LSM),  the  ink  re¬ 
tained  a  visually  stable  suspension  for  period  2-3  weeks.  The 
cartridges  containing  these  inks  were  observed  to  produce  stable 
jets  for  longer  than  2-3  weeks  suggesting  reasonably  stable  sus¬ 
pension  properties,  as  excess  flocculation  or  sedimentation  in  the 
ink  is  likely  to  result  in  clogging  of  the  print  head.  In  the  case  of 
the  composite  inks  (anode  interlayer,  cathode  interlayer),  the 
shelf  life  of  the  anode  interlayer  was  about  3^  weeks,  while  the 
cathode  interlayer  ink  required  periodic  homogenizing. 

Figure  1  shows  the  viscosity  of  the  inks  measured  at  room 
temperature  as  well  as  at  printing  temperatures  (48 °C,  58°C)  as  a 
function  of  shear  rate.  The  room  temperature  viscosity  for  all 
inks,  both  composite  and  single  component  inks,  exhibit  nearly 
Newtonian  behavior  over  the  range  of  shear  rates  studied  (100- 
1500  s“^).  The  viscosity  values  range  from  0.058  to  0.063  Pa  •  s. 
At  the  printing  temperature  (48  °C)  for  single  component  inks, 
the  viscosity  changes  from  0.010  to  0.014  Pa  -  s  as  the  shear  rate 
increases.  At  printing  temperature  (58 °C)  for  composite  inks, 
the  viscosity  changes  from  0.006  to  0.012  Pa  •  s  as  the  shear  rate 
increases.  The  change  in  viscosity  at  higher  shear  rates  (>  800  s“^) 
implies  dilatant  behavior.  On  examination  of  the  viscosity 
curves,  it  appears  that  the  observed  shear  thickening  behavior 
is  a  property  of  the  a-terpineol  solvent  at  elevated  temperatures 
and  not  brought  on  by  the  addition  of  the  binder/plasticizer 
constituents  or  solid  particles.  Even  with  this  shear  thickening, 
though,  the  viscosities  of  the  inks  at  elevated  temperatures  is 
well  below  the  observed  values  at  room  temperature. 


(2)  Cell  Microstructure,  Performance,  and  Impedance 
of  Printed  Cells 

Figures  2(a)  and  (b)  show  the  scanning  electron  microscopy 
(SEM)  cross-sectional  view  of  the  two  anode  supports  used  for 
this  study.  In  Fig.  2(a),  large  flat  pores  can  be  seen  interspersed 
through  the  matrix  of  the  anode  body,  whereas,  equi-axial  po¬ 
rosity  is  seen  in  Fig.  2(b).  Other  than  the  difference  in  the  type 
of  pore  former,  and  hence  the  type  of  porosity  in  the  anode 
support,  the  two  were  identical.  Only  a  minor  performance  im¬ 
provement  was  observed  for  the  sample  prepared  using  the  sub¬ 
strate  with  equi-axial  pores  (type-B).  The  difference  in  the  back 
scattering  coefficient  of  YSZ  and  Ni  phases  at  low  acceleration 
voltage  (2  kV,  in  the  present  case)  results  in  a  contrast  in  the 
image,  making  it  possible  to  distinguish  between  the  two 
phases.^^  The  brighter  regions  contain  Ni,  while  the  darker  re¬ 
gions  contain  YSZ.  Type-B  anode  support  was  used  for  most  of 
the  study,  following  the  initial  characterization  of  anode  sup¬ 
ports.  Figures  3(a)  and  (b)  show  the  F-/ curves  of  two  identical 
cells,  Al-PS  (A1 — cell  1  with  type-A  anode  support  and  PS  sig¬ 
nifies  a  pasted  cathode  interlayer  and  cathode  current  collection 
layer)  and  A2-PS  (A2 — cell  2  with  type-A  anode  support  and  PS 
signifies  a  pasted  cathode  interlayer  layer  and  cathode  current 
collection  layer).  Open  circuit  voltages  were  observed  to  range 
from  1.12  to  1.16  V,  depending  on  the  temperature.  As  temper¬ 
ature  increased  from  650°  to  850°C,  the  current  density  and 
power  density  were  observed  to  increase,  as  well,  due  to  an  in¬ 
crease  in  ionic  conductivity  of  the  electrolyte  and  improved 
cathode  performance  at  higher  temperatures.  The  maximum 
power  density  at  850°C  ranged  from  0.40  to  0.42  W/cm^.  Fig¬ 
ures  4(a)  and  (b)  show  the  SEM  cross-sectional  views  of  cell  Al- 
PS  and  cell  A2-PS,  respectively,  after  electrochemical  testing. 
The  microstructures  of  the  two  cells  are  identical,  reflecting  the 
high  reproducibility  of  printed  components.  A  dense  electrolyte 
of  ^10  pm  in  thickness  can  be  seen  with  part  of  the  porous 
cathode  below.  Above  the  electrolyte  layer,  the  anode  interlayer 
of  ~  4-5  pm  in  thickness  can  be  seen,  as  well.  However,  no  clear 
distinction  can  be  seen  between  the  anode  support  and  the  an¬ 
ode  interlayer.  Perhaps  this  is  due  to  the  fact  that  the  compo¬ 
sition  of  the  support  (55/45  wt%  NiO/YSZ)  and  the  anode 
interlayer  (50/50  wt%  NiO/YSZ)  are  similar  and  hence  the  tran¬ 
sition  in  porosity  between  these  components  very  gradual.  This 
apparent  similarity  between  the  anode  layers  could  also  be  due 
to  under-optimized  ink  formulations.  Figures  4(c)  and  (d)  show 
the  top  view  of  the  electrolyte  portion,  not  covered  by  the  cath- 
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Fig.  1.  Viscosity  of  inks  as  a  function  of  shear  rate  at  room  temperature  and  printing  temperatures  (48°C,  58°C), 
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(a) 

1  pm 

Fig.  2.  Scanning  electron  microscopic  cross-sectional  view:  (a)  type-A 
anode  support  and  (b)  type-B  anode  support. 

ode,  of  cells  Al-PS  and  A2-PS.  The  electrolyte  surface  is  dense, 
with  grains  0.5-1  pm  in  size,  and  few  blind  holes  are  seen.  Sim¬ 
ilar  results  were  observed  for  cells  prepared  using  a  type-B  sup¬ 
port.  In  order  to  determine  the  optimal  cosintering  temperature 
for  the  anode-electrolyte  layers  with  respect  to  electrochemical 
performance,  sintering  experiments  were  carried  out  in  the  range 
of  1350°-1450°C.  Figure  5  shows  the  F-/ curves  for  cells  Bl-PS, 
B2-PS,  and  B3-PS  whose  anode  electrolytes  were  sintered  at 
temperatures  of  1350°,  1400°,  and  1450°C,  respectively.  These 
cells  were  fabricated  on  a  type-B  anode  support.  They  have  a 
printed  anode  interlayer  and  electrolyte  and  pasted  cathode  in¬ 
terlayer  layer  and  cathode  layer.  The  overall  electrochemical 
performance  cells  Bl-PS  and  B2-PS  are  similar  in  terms  of  cur¬ 
rent  and  power  density  at  temperatures  from  650°  to  800°C.  At 
850°C,  the  maximum  power  density  of  B2-PS  is  0.5  W/cm^ 
whereas  the  maximum  power  density  of  Bl-PS  is  0.46  W/cm^. 
The  current  density  and  power  density  for  cell  B3-PS  is  lower 
than  both  Bl-PS  and  B2-PS  at  all  temperatures  from  650°  to 
850°C.  From  these  results  it  appears  that  1400°C  is  an  optimum 
cosintering  temperature.  Figures  6(a)-(c)  show  scanning  elec¬ 
tron  micrograph  views  of  the  surface  of  the  electrolyte  of  the 
cells  Bl-PS,  B2-PS,  and  B3-PS.  At  all  cosintering  temperatures, 
the  electrolyte  is  seen  to  be  dense  and  well  sintered.  As  the  cos¬ 
intering  temperature  is  increased  from  1350°  to  1450°C,  the  YSZ 
grain  size  is  observed  to  increase  from  approximately  1-8  pm. 

In  order  to  study  the  impact  on  cell  performance  when  all 
components  (besides  the  anode  support)  are  ink-jet  printed. 
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Fig. 3.  V-I  curves  of  two  identical  cells,  (a)  Al-PS  and  (b)  A2-PS 
(A  signifies  type-A  anode  support  and  PS  signifies  pasted  cathode  layers). 
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Fig.  4.  Scanning  electron  microscopic  cross-sectional  view  of  (a)  cell, 
Al-PS;  (b)  cell,  A2-PS;  and  top  view  of  the  electrolyte  of  (c)  cell,  Al-PS; 
(d)  cell,  A2-PS. 
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Fig. 5.  V-I  curves  for  cells  Bl-PS,  B2-PS,  and  B3-PS  with  anode- 
electrolytes  sintering  temperatures  of  1350°,  1400°,  and  1450°C,  respec¬ 
tively  (B  signifies  type-B  anode  support). 
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Fig.  6.  Scanning  electron  microscopic  of  the  surface  of  the  electrolyte 
of  cells:  (a)  Bl-PS,  (b)  B2-PS,  and  (c)  B3-PS. 


electrochemical  evaluation  was  carried  out  on  cells  with  a 
printed  anode  interlayer,  electrolyte,  cathode  interlayer,  and 
cathode  current  collection  layer.  These  results  are  shown  in 
Fig.  7  for  two  identical  cells,  Bl-PR  and  B2-PR,  in  the  temper¬ 
ature  range  from  650°  to  800°C.  For  these  cells,  a  type-B  anode 
substrate  was  used.  The  printed  electrolyte  and  anode  interlayer 
deposition  (12  passes  for  the  electrolyte  layer  and  10  passes  for 
anode  interlayer)  was  similar  to  cells  Bl-PS,  B2-PS,  and  B3-PS. 


Current  Density  (A/cm^) 


Current  Density  (A/cm^) 

Fig. 7.  V-I  curves  for  two  identical  cells:  (a)  Bl-PR  and  (b)  B2-PR 
(PR  signifies  printed  cathode). 

The  cosintering  temperature  of  the  anode/electrolyte  was 
1400°C,  which  was  identical  to  cells  B2-PS,  Al-PS,  and  A2- 
PS.  The  major  difference  in  cells  Bl-PR  and  B2-PR  compared 
with  the  other  cells  is  that  the  cathode  interlayer  and  cathode 
current  collecting  layers  were  ink-jet  printed  rather  than  hand 
pasted.  In  cells  Bl-PR  and  B2-PR  all  supported  components 
(electrolyte,  anode  functional  layer,  cathode  interlayer  layer,  and 
cathode  layer)  were  prepared  through  the  ink-jet  approach.  A 
current  density  of  600  A/cm^  was  observed  at  800°C  for  both 
cells  during  the  polarization  study,  with  a  maximum  power  den¬ 
sity  of  0.21  W/cm^.  Although  the  performance  was  not  equiv¬ 
alent  to  that  of  the  pasted  cathode  cells,  very  good 
reproducibility  was  observed,  which  can  be  attributed  to  the  re¬ 
producible  microstructures  afforded  through  ink-jet  deposition. 
It  is  assumed  that  the  lower  performance  observed  in  the  cells 
produced  with  ink-jet  deposited  cathodes  was  due  to  an  unop- 
timal  cathode  microstructure,  because  all  other  features  were 
identical  to  that  of  B-PS  cells.  Figure  8  compares  the  cathode 
microstructure  of  a  typical  pasted  cathode  cell  [(a)  B-PS]  with 
that  of  a  printed  cathode  cell  [(b)  B-PRj.  As  observed  from 
Fig.  8,  the  anode  (bottom  layer)  and  electrolyte  layers  are  similar 
in  both  images.  Over  the  dense  electrolyte  layer,  the  cathode  in¬ 
terlayer/cathode  region  can  be  seen.  In  the  micrograph  of  B-PS, 
two  porosity  regions  can  be  distinguished,  including:  a  16-iim- 
thick  cathode  interlayer  region  and  a  much  thicker  secondary 
region  composed  of  pure  LSM.  The  cathode  interlayer  is  com¬ 
posed  of  a  50/50  wt%  LSM/YSZ  and  is  more  microporous  than 
the  pure  LSM  layer.  No  distinction  in  porosity  is  observed  in  the 
micrograph  of  B-PR,  where  the  layer  was  produced  through  se¬ 
quential  deposition  of  20  passes  of  LSM/YSZ  followed  by  30 
passes  of  LSM  with  a  1200°C  firing  step  between  the  deposition 
of  the  two  layers.  Furthermore,  no  clear  distinction  between  the 
layers  was  observable.  Instead,  the  composite  cathode  appears 
to  be  one  continuous  layer  with  no  clear  definition  between  the 
cathode  active  and  current  collector  regions.  More  work  is  nec¬ 
essary  to  correlate  ink  properties  and  deposition  parameters 


5 


2918 


Journal  of  the  American  Ceramic  Society — Sukeshini  et  al 


Vol.  92,  No.  12 


cathode  ' 
interlayer 


electrolyte 


Fig.  8.  Scanning  electron  microscopic  cross-sectional  view  of  cells:  (a)  B-PS  and  (b)  B-PR. 


with  the  layer  micro  structure  and  its  impact  on  cell  perfor¬ 
mance.  One  important  difference  between  the  pasted  and 
printed  cathode  layers  is  the  difference  in  viscosity  of  the  pre¬ 
cursor  paste  and  printing  ink,  respectively.  The  currently  used 
ink  for  printing  have  a  low  viscosity  (0.006-0.012  Pa  •  s  at  print¬ 
ing  temperatures,  as  can  be  seen  in  Fig.  1)  compared  with  the 
inks  formulated  for  hand  painting  (typically  1-5  Pa  •  s  for  com¬ 
mercial  LSM  inks  at  low  shear  rates).  The  cathode  microstruc¬ 
ture  can  be  controlled  by  either  changing  the  printing 
parameters  and/or  changing  the  composition  of  the  ink  such 
as  solids  loading. 

Figure  9  shows  the  impedance  plots,  under  open  circuit  con¬ 
ditions,  at  different  operating  temperatures,  for  a  typical  B-PR 
(printed)  and  B-PS  (pasted)  cell  with  an  anode/electrolyte  cos¬ 
intering  temperature  of  1400°C.  The  trends  in  impedance  shown 
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Fig.  9.  Comparison  of  impedance  (at  open  circuit  conditions)  for  a 
typical  B-PR  and  B-PS  cell  at  different  temperatures. 


in  Fig.  9  illustrate  both  a  larger  serial  resistance  (Rq  =  intercept 
on  the  real  axis  at  high  frequency)  and  larger  polarization  re¬ 
sistance  (Rp  =  the  difference  in  intercept  between  low  and  high 
frequency)  for  the  printed  cathode  cells  compared  with  the 
pasted  cathode  cells  at  all  temperatures.  This  substantiates  the 
better  cell  performance  for  pasted  cathode  cells  compared  with 
printed  cathode  cells,  which  was  observed.  The  decrease  in  over¬ 
all  impedance  for  both  pasted  and  printed  cathode  cells,  with 
increasing  temperature  is  due  to  the  increased  ionic  conductivity 
of  the  electrolyte  and  decreased  activation  barrier  of  the  cath¬ 
ode.  Based  on  these  results,  it  is  clear  that  further  improvement 
in  printing  of  the  cathode  layers  is  required  and  will  be  the  sub¬ 
ject  of  future  research. 


IV.  Conclusions 

In  this  work,  ink-jet  printing  has  been  successfully  used  to  fab¬ 
ricate  complete  SOFC  button  cells  comprised  of  electrolyte,  an¬ 
ode  functional,  cathode  functional,  and  cathode  current 
collector  layers.  SEM  of  the  printed  layers  revealed  a  dense 
electrolyte  and  porous  anode  interlayer.  Cells  tested  in  hydrogen 
produced  a  stable  voltage  of  1 .1  V.  Cells  incorporating  a  printed 
anode  interlayer,  electrolyte  but  pasted  cathode  exhibited  a 
maximum  power  density  of  0.30  W/cm^  at  800°C.  Cells  com¬ 
prised  of  all  layers  ink-jet  printed  exhibited  slightly  lower  per¬ 
formance  with  0.21  W/cm^  at  800°C.  The  micro  structure  of  a 
printed  cathode  was  seen  to  have  tighter  pores  than  a  pasted 
cathode.  Additionally,  no  clear  interface  was  observable  be¬ 
tween  the  cathode  interlayer  and  cathode  current  collection  lay¬ 
ers  for  the  printed  cathode.  The  impedance  of  the  cell  with  the 
printed  cathode  showed  a  corresponding  increase  in  ohmic  and 
polarization  resistances  compared  with  cells  with  pasted  cath¬ 
odes.  While  the  current  work  highlights  good  reproducibility  of 
cells  incorporating  ink-jet  printed  layers,  the  performance  lim¬ 
itations  suggest  additional  optimization  of  the  inks,  printing  pa¬ 
rameters,  and  firing  processes  are  required  before  the  benefits  of 
this  processing  approach  are  fully  realized. 
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